Introduction
Stress urinary incontinence (SUI), defined as the 'involuntary loss of urine on effort or physical exertion . . . or on sneezing or coughing', is a common disorder [1] . The prevalence of urinary incontinence varies by the population studied and definition used, with most studies reporting that 25-45% of women have incontinence, with approximately half reporting SUI [2] . There are multiple risk factors for SUI in women, including state of health, obesity, smoking, age, and surgical trauma, but among the most important are pregnancy and vaginal childbirth [3, 4] .
Clinical evidence suggests that vaginal childbirth injury results in neuromuscular and ischemic damage in the bladder outlet and urethra, which contribute to the subsequent risk of developing SUI [5] . Damage to the ligaments, fascial support, and pelvic floor musculature, including the levator ani, also occurs with vaginal childbirth and is associated with SUI [6] . In addition, the pudendal nerve, which projects from Onuf's nucleus and traverses Alcock's canal before entering the ischiorectal fossa and innervating the external urethral sphincter (EUS), is susceptible to injury during vaginal childbirth, particularly as it passes between the sacrospinous and sacrotuberous ligaments [7] . In addition to nerve compression, a three-dimensional model of vaginal childbirth has demonstrated that significant stretch of the pudendal nerve may occur, with a 13% elongation occurring in the motor branch to the EUS [8] . Physiologically, experiments using rat tibial nerves have demonstrated decreased nerve perfusion at 8% stretch and complete ischemia at 15% stretch [9] . Thus, pudendal nerve ischemia likely occurs during vaginal delivery as a result of both stretch and compression.
Increased pudendal nerve terminal motor latency, an indicator of nerve damage or dysfunction, is correlated with vaginal delivery, advanced age, and SUI [7, 10] . Women with SUI diagnosed by urodynamics also demonstrate pudendal nerve dysfunction as evidenced by abnormal nerve conduction velocity and EUS electromyography (EMG) [11] . Five years after vaginal delivery, persistently prolonged pudendal nerve terminal motor latency was more marked in women with SUI [7, 12] . 
Purpose of review
Vaginal childbirth is a significant risk factor for stress urinary incontinence (SUI). Women with SUI demonstrate dysfunction of the pelvic floor and pudendal nerve. Animal models of SUI have been developed to investigate its pathophysiology and for preclinical testing of potential treatments.
Recent findings
Vaginal distension, a method of simulating childbirth injury in animals, produces a reliable decrease in leak point pressure (LPP), a measure of urethral resistance to leakage and quantification of SUI severity in animals. In addition to ischemia and direct tissue damage, vaginal distension causes denervation of the external urethral sphincter (EUS). Pudendal nerve crush produces a similar decrease in LPP, whereas combined PNC and vaginal distension injury delays recovery of LPP compared with either single injury alone. Neurophysiologic studies have elucidated the results of each injury and their combination on pudendal nerve and EUS function. Urethrolysis, electrocautery, and pudendal nerve transection produce more durable functional impairment via both structural damage and denervation. Pubourethral ligament injury eliminates the structural support of the urethra, but its neurologic effects are unknown. Summary Animal models demonstrate a complex interplay between tissue damage and pudendal nerve dysfunction, and provide insight into the importance of neuroregeneration in the recovery of continence.
Keywords animal, childbirth injury, disease models, pudendal nerve, stress, urinary incontinence Additionally, the external anal sphincters in these women showed abnormal fiber densities, suggesting partial reinnervation occurred following pudendal nerve injury [12] .
Clinical and epidemiological data are useful for hypothesizing the pathophysiology of SUI, but human studies do not allow the direct study of cause-and-effect mechanistic relationships under controlled circumstances. Therefore, a variety of animal models of SUI have been developed. These models are important to improve our understanding of the mechanisms of SUI development and to provide a means of preclinical testing of new treatments. There are some limitations to animal models, however. For example, SUI is defined as unintentional urine loss, but animals cannot communicate intent [1] . In addition, measures of urethral resistance to leakage in animals require anesthesia, which may itself affect the neuromuscular mechanisms of continence [13] . Finally, the animals used in all models are quadrupeds, whereas humans are bipeds. This is particularly relevant as the human bladder rests against the levator ani complex, which provides ancillary continence via urethral support, whereas in quadrupeds the bladder rests upon the anterior abdominal wall [14] . Therefore, the primary continence mechanism in quadrupeds is likely the EUS, which as a result is the primary organ of interest in most animal models of SUI. Despite these limitations, animal models are reproducible and allow invasive and mechanistic investigations of the lower urinary tract and pelvic floor that are not possible in humans.
Surrogate measures of stress urinary incontinence
Because animals cannot complain of undesired leakage per se, several laboratory tests to detect and/or quantitate decreased urethral resistance have been developed.
Sneeze test
SUI was initially identified by triggering a sneeze reflex in rats and assessing for urinary leakage [15] . An irritant, such as chilli powder or a clipped whisker, was placed in the rodent's nose, inducing a sneeze, and leakage was subsequently noted in 30% of animals that underwent simulated childbirth injury but none of the uninjured controls. This technique has also been utilized in feline models [16] .
Leak point pressure testing
Manual leak point pressure (LPP) assessment involves the placement of a bladder catheter and, under anesthesia, the application of a Crede maneuver to the abdomen while measuring the bladder pressure at which leakage occurs [17] . This method has gained popularity because it is relatively easy to implement, reproducible, and quan-tifiable [17,18,19 ,20 ,21] . Importantly, as opposed to testing for the presence or absence of leakage, control animals have a measurable LPP, facilitating statistical comparisons among injuries and/or treatment groups.
Vertical tilt table leak point pressure testing
In an effort to replicate the erect position of humans, a rodent may be secured to a vertical tilt table to assess LPP [22] . The results of this technique are similar, repeatable, and comparable to those from manual LPP assessment [23] . Using this method, the spinal cord is often transected to eliminate suprasacral voiding reflexes. This, in turn, abolishes any central regulation of Onuf's nucleus and other spinal reflex centers important for continence [24] . In short, the advantage of a more human-like, erect posture must be weighed against the potential confounding factors of spinal cord transection.
Electrical stimulation leak point pressure testing
Electrical stimulation of abdominal muscles has been used to induce a sudden increase in abdominal pressure, as opposed to the gradual increase elicited by manual LPP testing. Using this method, Kamo and Hashimoto [25] demonstrated that reflex urethral closure mechanisms via bladder-spinal cord-urethral sphincter reflexes and pelvic floor muscles produce a reflexive increase in urethral resistance that maintains continence. However, like tilt table testing, electrical stimulation LPP testing is limited by the need for spinal cord transection to prevent supraspinal regulation of continence. Furthermore, despite application of maximum stimulation, some animals do not demonstrate urinary leakage, making quantitative comparisons between groups difficult with this method [25] .
Urethral closure pressure testing Urethral pressure profilometry in animal models has been performed using catheter withdrawal techniques, similar to those utilized clinically [26] . Retrograde urethral perfusion pressure (RUPP) testing uses a catheter inserted only through the urethral meatus and secured with a watertight suture to measure variations in intraurethral pressure with flow as a surrogate for urethral resistance [27] . Advantages of RUPP are that it is not operatordependent and does not require a suprapubic catheter [27] . Retrograde flow, however, is nonphysiologic. Urethral closure pressure can be assessed with antegrade flow via a suprapubic catheter advanced to and wedged within the bladder neck [28] .
Animal models of stress urinary incontinence
In women, the mechanisms of SUI development from vaginal childbirth injury are believed to be neurologic, ischemic, and via direct tissue damage. Animal models have been designed to replicate each of these mechanisms.
Vaginal distension
One of the most common models of SUI is vaginal distension in the rat, which was first described in 1998 [15] . To replicate the distension of the vagina that occurs during the second stage of labor, the rat vagina is gently dilated before a modified balloon catheter is placed within it and inflated [15] . In human labor, pressure against the pelvic sidewall can reach up to 240 cmH 2 O [29] , and vaginal distension aims to replicate this phenomenon. The duration of the procedure is important [17, 30] , as a prolonged second stage of labor, particularly greater than 1 h, has been shown to be a significant risk factor for SUI in women [10] . Vaginal distension generates reproducible decreases in LPP, which nadir 4 days after injury [30] . This minimum is similar whether the duration of vaginal distension is 1 or 4 h; however, longer distension duration slows the recovery of LPP [30] . Vaginal distension produces thinning and disruption of the smooth muscle between the vagina and urethra and causes edema in the levator muscles [15] . It also decreases blood flow to the urethra and vagina and increases urethral expression of hypoxia-inducible factor 1a (HIF1a) [18, 31] . In addition, vaginal distension increases the expression of stem cell homing cytokines, specifically monocyte chemotactic protein-3 (MCP-3) and receptors, in both inbred and outbred rat strains [32 ] .
Vaginal distension also contributes directly to neurogenic injury, as demonstrated by increased c-Fos expression, a nonspecific marker of neuronal injury, in the dorsal horns of spinal segments L6 and S1 following vaginal distension in rats [15] . Likewise, the density of urethral sphincter neurofilaments was decreased after vaginal distension in a mouse model, but returned to normal, suggesting a partial denervation injury [19 ] . Brain-derived neurotrophic factor (BDNF), a neurotrophin necessary for neuroregeneration [33] , is downregulated in the EUS 1 day after vaginal distension with a concurrent increase in the presence of degenerated nerve fascicles [34 ] .
Pudendal nerve injury
In the rat, pudendal nerve dysfunction resulting from childbirth injury has been simulated using pudendal nerve crush (PNC). PNC is performed in both the left and right ischiorectal fossae proximal to the innervation of the EUS due to the bilateral innervation of the musculature. PNC produces a predictable decrease in LPP that nadirs at 4 days and recovers by 2 weeks [35] . One day after injury, the EUS shows an increased expression of numerous neurotrophins, including BDNF, neurotrophin-4 (NT-4), and nerve growth factor [34 ] . Histologic studies 2 weeks after injury demonstrate degenerating and regenerating nerve fascicles, suggesting that, although functional recovery (according to LPP) has been achieved, neurologic recovery continues, which has been observed as long as 6 weeks after injury [35] . PNC also produces a significant decrease in electrophysiologic activity of the neuromuscular continence mechanism as evidenced by decreased muscle and nerve activity in EUS EMG and pudendal nerve motor branch potentials (PNMBPs) [36 ] . In contrast, vaginal distension resulted in decreased EUS EMG activity, but not PNMBP, suggesting that the neurogenic dysfunction from vaginal distension is due to distal nerve fascicle, neuromuscular junction, or sphincteric injury. In fact, fluorescent labeling with a-bungarotoxin following vaginal distension shows denervated motor endplates with a concomitant loss of neuromuscular junction organization, and the persistence of normal endplates, indicating an incomplete neurologic injury [37] . Following PNC, there is a similar pattern of mild motor endplate diffusion coupled with thin, tortuous renervating axons [37] .
The dual injury model
To better replicate the neurologic and mechanical trauma involved in vaginal childbirth injury, a dual injury model consisting of vaginal distension and PNC was developed to study the differential and combinatorial effects of each injury [36 ] . Recovery of LPP following the combined injury occurred by 6 weeks, compared with 3 weeks following either injury alone [36 ] . PNMBP were normal after vaginal distension, whereas EUS EMG was dysfunctional, indicating that nerve injury incurred during vaginal distension likely occurs in the most peripheral part of the pudendal nerve [36 ] . Another study without electrophysiological testing, requiring significantly less surgical dissection, demonstrated that recovery of LPP in the dual injury group occurred 3 weeks after injury, compared with 10 days for vaginal distension alone [34 ] . In this study, BDNF and NT-4 expression was found to be upregulated after dual injury, but notably less than from PNC alone [34 ] . Despite functional recovery, striations in the EUS musculature were less clear and trim than in uninjured controls, and small myelinated axons distal to the site of PNC demonstrated distorted myelin figures and Wallerian degeneration, suggesting that neuroregeneration was still incomplete at 6 weeks despite restoration of LPP [34 ,38 ] .
Pudendal nerve transection
Pudendal nerve transection (PNT) is the most severe form of pudendal nerve injury. Following bilateral PNT, LPP decreases significantly 4 days after injury and does not recover even 6 weeks later [36 ] . Furthermore, EUS EMG activity and PNMBP activity remain practically eliminated 6 weeks after bilateral PNT, with EUS histology showing atrophy of the EUS [38 ] . This lack of recovery after PNT confirms the absence of extrapudendal innervation to the continence mechanism [36 ] .
Models simulating anatomic support damage
Rather than directly attempting to replicate vaginal delivery, the normal anatomic support structures of the urethra have been disrupted to simulate childbirth injury and create durable models of SUI in animals.
Urethrolysis
Urethrolysis is performed transvaginally or retropubically in humans for voiding dysfunction after anti-incontinence procedures [39] . In rats, freeing the proximal urethra from its fascial attachments through a transabdominal approach has been used to produce SUI, as measured by LPP and RUPP, which persists for up to 24 weeks [27] . In addition to the induced structural changes, decreased urethral smooth muscle content, increased apoptosis, and a time-dependent loss of neuronal content was observed, suggesting a component of denervation injury present in the model [27] .
Pubourethral ligament injury
In an effort to emulate the integral theory of SUI [40] , transabdominal transection of the pubourethral ligament (PUL) has been performed in rats [20 ] . PUL injury produces a drop in LPP comparable to that of bilateral PNT up to 28 days after injury [20 ] . Histologic studies confirm failure of the ligament to heal 4 weeks after injury, but insights into the neurologic aspects of this model have yet to be elicited.
Models simulating direct urethral damage
Some methods have utilized direct damage to the urethral sphincter to produce intrinsic sphincter deficiency as a durable model of SUI.
Periurethral cauterization
To replicate intrinsic sphincter deficiency in humans, Chermansky et al. [21] described electrocautery of the tissues directly lateral to the mid-urethra through an abdominal approach. Their model produced a drop in LPP 2 weeks after injury that was sustained for up to 16 weeks without concomitant changes in bladder function [21] . In addition to striated muscle damage, histology at 6 weeks showed nearly absent neuronal staining compared with uninjured controls, suggesting that marked distal neurogenic injury results from cauterization of the lateral periurethral areas [21] .
Urethral sphincterectomy
A canine model of urethral sphincterectomy has been described, in which removal of approximately 25% of the urethral striated and smooth muscle was performed [41 ] . Assessment of urethral pressure profilometry (UPP) and the urethral stress profile (USP) showed that decreased urethral resistance persisted for 7 months without recovery [41 ] . Furthermore, in-vivo pudendal nerve stimulation produced sphincter contraction and increased urethral pressure, but, compared with uninjured controls, the response was significantly reduced in sphincterectomized dogs.
Botulinum toxin
Botulinum toxin -a potent neurotoxin that blocks the release of acetylcholine from axonal terminals -is utilized clinically via direct EUS injection to treat detrusor external sphincter dyssynergia from spinal cord injury [42] . In rats, botulinum toxin creates a pharmacologic denervation of the EUS with periurethral injection [43] . LPP reduction results 2 weeks after injection and is associated with smooth and striated muscle atrophy. Complete functional recovery, according to LPP, occurs 6 weeks after injury, making this a minimally traumatic and reversible model of SUI.
Animal model summary
Vaginal distension, PNC, and the dual-injury model emulate the damage that occurs during vaginal childbirth, but the injuries are recoverable. Vaginal distension causes direct tissue damage and distal neurologic injury, whereas PNC results in a proximal denervation followed by neuroregeneration. PNT is a more severe, durable, and nonrecoverable model, but is less physiologic. Urethrolysis and pubourethral ligament injury disrupt the native support of the urethra, resulting in a durable loss of urethral resistance. Direct injury to the urethra with electrocautery also produces a durable loss of urethral resistance and, like urethrolysis, shows evidence of distal denervation injury in addition to tissue damage. Sphincterectomy produces a severe and nonrecoverable muscular injury. Finally, botulinum toxin is a minimally traumatic, pharmacologic, and reversible model of SUI.
Conclusion
SUI is a common problem in women, with a complicated and multifactorial cause. The importance of vaginal childbirth injury in the predisposition to SUI is well known, and likely involves neurologic, muscular, and supportive tissue damage. Animal models of SUI replicate pudendal nerve injury as observed in women and the neurologic effects of indirect pelvic floor injuries. Animal model investigations are beginning to elucidate the neurologic and molecular mechanisms of the recovery of continence. Further research into the pathophysiology of childbirth injury and the promotion of continence recovery hold significant potential to benefit women's health.
